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Focusing  on  the  low  recycling  rate  of  low  temperature  waste  heat  in  China’s  iron  and  steel  industry,  this 
study  presented  a  technical  solution  recycling  blast  furnace  slag  flashing  water  sensible  heat  based  on 
thermoelectric  power  generation.  The  physical  and  numerical  models  are  established.  The  effects  of 
some  key  parameters  such  as  slag  washing  water  temperature,  the  thermoelectric  element  length,  the 
packing  factor  of  the  thermoelectric  module  and  heat  exchanger  flow  passage  length  on  the  performance 
of  the  thermoelectric  power  generation  device  are  analyzed.  The  results  showed  that  for  blast  furnace 
slag  flushing  water  at  100  °C,  water  temperature  drops  1.5  °C  per  meter,  about  0.93  kW  electrical  energy 
can  be  produced  per  area  and  conversion  efficiency  of  2%  can  be  achieved.  The  cost  recovery  period  of  the 
equipment  is  about  8  years. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  energy  consumption  has  become  one  of  the  main  problems 
which  restricts  the  sustainable  development  of  China.  The  recovery 
and  utilization  of  different  kinds  of  waste  heat  can  effectively 
reduce  energy  consumption.  The  research  of  the  recovery  and  uti¬ 
lization  of  waste  heat  becomes  very  important  [1-4]. 

Iron  and  steel  industry  waste  heat  is  rich,  variety  and  in  a  wide 
temperature  range.  Taking  advantage  of  these  waste  heat  is  of  great 
significance  for  reducing  energy  consumption  and  emissions  [5]. 
According  to  the  statistics  of  China’s  iron  and  steel  enterprises,  the 
average  recovery  of  waste  heat  resources  is  only  25.8%  while  low 
temperature  waste  heat  recovery  rate  is  less  than  1%. 

Power  generation  is  the  highest  value  utilization  among  various 
waste  heat  utilization  forms.  However,  the  lower  waste  heat  tem¬ 
perature,  the  lower  efficiency  of  power  recovery  and  the  greater 
difficulty  from  a  technical  perspective.  Conventional  steam  turbine 
power  generation  system  cannot  be  used  for  low  temperature 
waste  heat  power  recovery  [6].  For  the  blast  furnace,  converter  and 
electric  furnace  slag  sensible  heat,  only  water  quenching  method 
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recovering  hot  water  has  been  applied  while  the  others  are  still  in 
the  experimental  research  stage  7].  Using  the  flashing  water  sen¬ 
sible  heat  to  heat  the  residents  in  winter  is  the  main  utilization  way 
in  China.  This  simple  and  low-cost  way  has  been  widely  used  but 
has  two  problems:  first,  slag  water  contains  a  great  deal  of  heat  but 
the  heating  load  is  small  usually.  Second,  heating  is  only  applicable 
in  northern  China  cities  in  winter  while  the  southern  cities  and 
summer  have  no  such  needs  [8]. 

Thermoelectric  power  generation  is  one  of  the  three  most  po¬ 
tential  power  generation  technologies  in  the  21  st  century.  In  recent 
years,  with  improved  conversion  efficiency  and  dropped  cost  of 
thermoelectric  materials,  thermoelectric  power  generation  tech¬ 
nology  has  moved  from  the  aerospace,  military  and  other  frontiers 
toward  the  industrial  and  people’s  life.  In  the  field  of  low-grade 
waste  heat  utilization,  thermoelectric  power  generation  technol¬ 
ogy  can  compete  with  conventional  power  generation  technologies 
and  become  the  main  way  of  low-grade  thermal  power  generation 
gradually  [9]. 

According  to  the  market  statistics,  in  the  field  of  thermoelectric 
materials  consumption,  low-grade  thermoelectric  power  genera¬ 
tion  accounts  for  30%  market  share,  which  exceeds  cooling  and 
heating.  Thermoelectric-based  power  generation  technology  recy¬ 
cling  industrial  waste  heat  has  become  one  of  the  research  hotspots 
in  the  energy  saving  field.  Suzuki  and  Tanaka  [10-13]  designed  a 
series  of  thermoelectric  generators  and  deduced  analytical 
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Nomenclature 

Greek  letters 

a 

Seebeck  coefficient  (V  K-1) 

A 

area  (m2) 

a 

electrical  conductivity  (Q_1  itT1) 

B 

flow  channel  width  (m) 

X 

thermal  conductivity  (W  m-1  K-1) 

c 

specific  heat  capacity  at  constant  pressure  (J  kg-1  K_1) 

6 

packing  factor 

G 

mass  flow  rate  (kg  s-1) 

V 

conversion  efficiency 

h 

convective  heat  transfer  coefficient  (W  m2  I<-1) 

I 

electrical  current  (A) 

Subscripts 

I< 

thermal  conductance  (W  K-1) 

1 

hot  fluid 

L 

length  (m) 

2 

cold  fluid 

N 

number 

c 

cold  junction 

P 

power  output  (W) 

cp 

ceramic  substrate  of  thermoelectric  module 

P 

power-per-area  (W  nrr2) 

ex 

heat  exchanger 

Q 

heat  flow  rate  (W) 

f 

flow  channel 

R 

electrical  resistance  (Q);  thermal  resistance  (m2  K  W 

g 

air  gap 

-1) 

h 

hot  junction 

T 

thermodynamic  temperature  (K) 

L 

load 

t 

Celsius  temperature  (°C) 

n 

N-type  semiconductor  leg 

u 

velocity  (m  s-1) 

P 

P-type  semiconductor  leg 

expressions  of  electric  power  in  case  of  the  cylindrical  thermo¬ 
electric  tubes,  flat  thermoelectric  panels,  cylindrical  double  tubes, 
multiple  cylindrical  tubes  exposed  to  two  thermal  fluids.  Their 
research  has  important  significance  for  large-scale  thermoelectric 
power  generation.  Yu  and  Zhao  [14]  presented  a  numerical  model 
to  predict  the  performance  of  thermoelectric  generator  with  the 
parallel-plate  heat  exchanger.  The  simulation  results  showed  that 
the  variations  in  temperature  of  the  fluids  in  the  thermoelectric 
generator  are  linear.  Niu  et  al.  [15]  constructed  an  experimental 
thermoelectric  generator  unit  incorporating  the  commercially 
available  thermoelectric  modules  with  the  parallel-plate  heat 
exchanger.  They  found  that  the  hot  fluid  inlet  temperature  and 
mass  flow  rate  significantly  affect  the  maximum  power  output  and 
conversion  efficiency.  Astrain  et  al.  [16]  calculated  the  efficiency  of  a 
thermoelectric  generation  using  the  heat  of  the  smoke  from  a  paper 
mill’s  combustion  boiler  as  heat  source.  The  results  demonstrated 
that  it  was  possible  to  generate  about  1  kW  per  meter  of  chimney 
height,  that  is,  about  300  W/m2.  Meng  et  al.  [17]  established  a 
numerical  model  of  commercial  thermoelectric  module  with  fin¬ 
ned  heat  exchangers.  Hot  water  at  60-100  °C  and  cold  water  at 
27  °C  were  employed  as  heat  source  and  sink  of  the  generator 
module.  The  results  showed  that  the  maximum  power  output  of 
0.13  W  and  the  maximum  efficiency  of  0.87%  were  available  from  a 
module.  Jang  et  al.  [18]  investigated  the  power  output  performance 
of  the  TEG  module  which  embedded  in  the  chimney  walls.  The 
three-dimensional  turbulent  flow  in  a  chimney  used  for  venting 
flue  gas  from  either  a  boiler  or  stove  was  analyzed.  Lu  et  al.  [19] 
tried  to  conceptually  combine  exhaust  heat  exchanger  with 
muffler  in  the  form  of  1 -inlet  and  2-outlet,  2-inlet  and  2-outlet  as 
well  as  the  baseline  empty  cavity.  The  test  results  showed  that  1  - 
inlet  and  2-outlet  increased  hydraulic  disturbance  and  enhanced 
heat  transfer,  resulting  in  the  more  uniform  flow  distribution  and 
higher  surface  temperature  than  the  others. 

On  the  basis  of  research  achievements  mentioned  above,  this 
paper  presents  a  thermoelectric  power  generation  technology- 
based  blast  furnace  slag  flushing  water  waste  heat  recovery  solu¬ 
tion.  The  physical  model  is  established  and  numerical  examples  are 
provided  to  analyze  the  key  design  parameters  of  the  device. 
Finally,  economic  analysis  is  performed  adopting  commercial 
thermoelectric  module  specifications.  The  results  may  provide 
some  guidelines  for  the  applications  of  thermoelectric  power 
generation  technology  in  industrial  waste  heat  recovery. 


2.  Flushing  slag  water  driven  thermoelectric  power 
generation  device  and  the  physical  model 

Flushing  slag  water  is  continuous  fluid  form  of  waste  heat.  The 
heat  transfer  and  energy  conversion  of  recycling  process  based  on 
thermoelectric  power  generation  technology  can  be  described  as: 
the  hot  fluid  (blast  furnace  slag  water)  temperature  decreases 
gradually  along  the  flow.  Meanwhile,  part  of  the  heat  rejected  is 
taken  away  by  the  cold  fluid  (cooling  water  at  room  temperature); 
the  other  part  of  the  heat  is  recovered  by  the  thermoelectric  power 
generation  modules  and  converted  to  electrical  energy. 

The  blast  furnace  slag  water  waste  heat  recovery  system  based 
on  thermoelectric  power  generation  technology  is  shown  in  Fig.  1.  It 
is  mainly  composed  of  two  parts.  One  is  the  thermoelectric  power 
generating  module  which  can  convert  thermal  energy  to  electrical 
energy.  Another  is  the  heat  exchanger  between  thermoelectric 
modules  and  waters.  The  structure  of  the  flow  channel  cross- 
section  of  the  plate-fin  heat  exchanger  is  shown  in  Fig.  2.  A  P- 
type  and  an  N-type  semiconductor  leg  compose  a  thermoelectric 
element.  Due  to  the  insulation  requirements  and  process  limita¬ 
tions,  thermoelectric  elements  cannot  be  closely  arranged  and  then 
a  air  gap  exists  inside  the  module.  This  causes  part  of  the  heat  flows 
through  the  air  gap  directly  (gray  arrows  in  Fig.  1 ). 

The  physical  model  of  the  flushing  slag  water  driven  thermo¬ 
electric  power  generation  device  is  shown  in  Fig.  3.  This  model 


Aluminum  heat 
exchanger 

Ceramic  substrate  " 
Thermoelectric  element 
Thermal  insulation 
Copper  strips 

Aluminum  heat 
exchanger 


Blast  furnace  slag  water 

4- 

n 

4-  4 

1 

H 

-N- 

PU 

1 

4- 

4 

4 

4- 

Cooling  water 

Hot  surface 
Hot  junction 
Cold  junction 
Cold  surface 


R, 

w - 

Electrical  current 

Load  resistance 

Fig.  1.  Schematic  diagram  of  the  blast  furnace  slag  water  heat  recovery  device  based 
on  thermoelectric  power  generation  technology. 


F.  Meng  et  al  /  Energy  66  (2014)  965-972 


967 


Fig.  2.  Structure  of  the  fluid  heat  transfer  passage. 


draws  on  the  Yu  and  Zhao’s  method  14],  but  makes  some  im¬ 
provements.  First,  the  gap  between  the  thermoelectric  elements 
and  the  loss  of  heat  leakage  are  considered  which  makes  the  results 
more  accurate.  Module  air  gap  is  described  with  a  coefficient  called 
packing  factor  which  has  significant  impact  on  the  power  density  of 
the  module  [20].  Second,  the  model  contains  the  thermoelectric 
element  length  which  provides  the  foundation  for  geometry 
optimization. 

The  flushing  slag  water  and  cooling  water  temperatures  are 
Ti(x)  and  T2(x),  respectively.  Thermoelectric  element  hot  and  cold 
junction  temperatures  are  Th(x)  and  Tc(x),  respectively.  Thermo¬ 
electric  element  length  and  cross-sectional  area  are  L  and  A , 
respectively.  The  thermoelectric  module  ceramic  substrate  thick¬ 
ness  and  packing  factor  are  <5cp  and  6  (0  <  6  <  1)  respectively. 
Packing  factor  is  defined  as 


6  =  2AN/Acp  (1) 

Slag  flushing  water  discharged  and  cooling  water  absorbed  heat 
flow  rates  are  Qi  and  Q2,  respectively.  The  thermoelectric  module 
absorbed  and  discharged  heat  flow  rates  are  Qh  and  Qc,  respectively. 
The  load  resistance  and  electrical  current  output  of  the  generator 
are  Ri  and  /,  respectively.  The  heat  exchanger  separator  thickness  is 
5ex.  The  height,  width,  and  length  of  the  flow  channel  are  H,  B  and  Lf, 
respectively.  The  slag  flushing  water  and  cooling  water  inlet  tem¬ 
peratures  are  Ti0  and  T2 0,  respectively.  The  mass  flow  rates  of  water 
are  Gi  and  G2,  respectively.  The  specific  heat  capacities  are  cp  1  and 
cP2,  respectively.  The  thermal  resistances  of  the  ceramic  substrate, 
heat  exchanger  separator,  convective  heat  transfer  (for  the  first 
order  heat  transfer  surface)  and  air  gap  (thermal  conduction)  are 
given  by 


<5cp/7Cp 

(2) 

<5ex/  7ex 

(3) 

\/h 

(4) 

L/hw 

(5) 

Taking  infinitesimal  volume  as  shown  in  Fig.  3,  according  to  the 
theory  of  heat  transfer  and  non-equilibrium  thermodynamics  [21], 
one  can  obtain 


dQ,  =  -GiCpidTi(x) 

dQ,  =  K,[T,(x)-Th(x)]Bdx 


dQh  = 


aTh(x)I  +  I<(Th(x)-Tc(x ))-?£ 


dQg  =  /<g[rh(x)  —  Tc(x)](l  -  0)B  dx 


dQc  = 


aTc(x)I  +  I<(Th(x)  -  Tc(x))  +  ^ 


OB  dx 
2 A 


OB  dx 
2  A 


dQ2  =  G2CP2dT2(x) 

dQ2  =  K2[rc(x)-r2(x)]Bdx 

The  system  heat  balance  equations  are  given  by 
Qi  =  Qh  +  Qg 
Q2  =  Qc  +  Qg 


(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 


Eqs.  (6)— (12)  can  be  organized  into  differential  equations  about 
Ti(x),  Th(x),  Tc(x),  T2(x)  as  follows 


T[(x)  = 


KtPiM-ThMlB 


— G^Cpi 


(15) 


K1(T1(x)-Th(*))  = 


j2  D" 

aTh(x)/  +  if(Th(x)-iTc(x)):-^r 


0_ 

2  A 


-Kg(rh(x)-Tc(x)) 


1-8 


(16) 


K2(Tc(x)-T2(x))  = 


j2  D' 

«Tc(x)/  +  lT(Th(x)-Tc(x))+^- 
1-0 


0_ 

2 A 


T'2(x)  = 


+  Kg(Th(x)-Tc(x))  L 

gzjlkW  ~  T2(x)]B 

-C2cp2 


(17) 


(18) 


The  temperature  boundary  conditions  are  (assuming  that  the 
flow  is  parallel  flow) 


7i(0)  =  T,0 


(19) 


Blast  furnace  slag  water 


T2( 0)  «  T20  (20) 

where  a,  I<  and  R  are  the  total  Seebeck  coefficient,  thermal 
conductance  and  electrical  resistance  of  a  thermoelectric  element, 
respectively.  They  can  be  calculated  by 

a  =  ap  -  an~2ap  (21) 

K  =  Kp  +  Kn  —  ^pAp/Lp  +  Any\n/Tn  ~  2XpA/L 


(22) 
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R  —  Rp  +  Rn  —  Tp/(tfpAp)  +  Ln/((rnAn)  ~  2L/  (tipA)  (23) 


where  A  and  a  are  the  thermal  and  electrical  conductivities  of  the 
thermoelectric  element. 

The  power  output  from  the  device  is  the  slag  flushing  water 
released  heat  minus  the  cooling  water  absorbed  heat,  which  is 
given  by 

P  =  GlCpl  [r,  (0)  -  7i  (if)]  -  C2cp2  [t2 (if)  -  T2(0)]  (24) 

The  conversion  efficiency  of  the  device  is  power  output  divided 
by  the  heat  slag  flushing  water  released,  which  is  given  by 


G2cp2[r2(if)  -r2(0)] 

GlCpl  [Ti (0)  -  Ti  (Lf)] 


(25) 


Because  the  device  employs  the  iron  and  steel  industry  waste 
heat  as  heat  source,  power  rather  than  efficiency  is  the  primary 
optimization  criterion.  Some  studies  [22,23]  indicated  that  the 
power  output  reaches  the  maximum  when  the  load  resistance 
equals  to  the  thermoelectric  generator  internal  resistance.  The 
power  in  the  numerical  calculation  below  refers  to  the  maximum 
power  when  the  load  resistance  equals  the  internal  resistance 
while  the  efficiency  refers  to  the  efficiency  corresponding  to  the 
maximum  power.  As  the  model  uses  electrical  current  as  variable, 
iterative  calculation  method  needs  to  be  adopted.  Relation  between 
current  and  load  resistance  is  given  by 


3.  Numerical  simulation  and  economic  analysis 

The  effects  of  the  key  parameters  on  the  device  performance  are 
analyzed  from  inside  to  outside  by  numerical  calculations.  As  the 
slag  flushing  water  temperature  is  less  than  100  °C,  the  most 
appropriate  thermoelectric  materials  corresponding  the  tempera¬ 
ture  range  is  bismuth  telluride  (B^Tes)  semiconductor  thermo¬ 
electric  materials.  Considering  the  slag  flushing  water  temperature 
range  is  small,  this  study  does  not  take  the  material  properties 
variation  into  account.  The  physical  parameters  of  the  commer¬ 
cially  available  material  by  Melcor  at  60  °C  are  used  for  this  simu¬ 
lation.  The  parameters  set  are  listed  in  Table  1. 

3.1.  Effect  of  thermoelectric  element  length 

Figs.  4  and  5  show  the  power  and  efficiency  versus  thermo¬ 
electric  length  at  different  slag  washing  water  inlet  temperature  t\. 
8  =  0.5,  h  =  3000  W  m-2  K_1,  B  =  0.1  m,  H  =  6  mm,  and  Lf  =  10  m  are 
set  in  the  calculation.  It  can  be  seen  that  there  is  an  optimal  ther¬ 
moelectric  element  length  corresponding  to  the  maximum  power. 
The  power  and  the  corresponding  optimum  thermoelectric 
element  length  increases  simultaneously  with  the  slag  flushing 
water  temperature.  In  general,  commercial  thermoelectric  module 


Table  1 

Parameters  set  in  the  numerical  simulation. 


a  (10-4  V  K-1) 

A(W  nr1  KT1) 

a  (105  m  Q-1) 

A  (mm2) 

<5cp  (mm) 

4.4 

1.5 

1 

1  x  1 

1 

Acp  (W  k1  m-1; 

i  cp  (io3 j  kg-1  k-1; 

)  Aex  (W  K  1  m  v 

)  <5ex  (mm) 

u  (m  s-1) 

35.3 

4.2 

204 

2 

1 

Fig.  4.  Power  versus  thermoelectric  length  at  different  slag  washing  water  inlet 
temperature. 

hot  surface  maximum  operating  temperature  is  below  180  °C  and 
the  thermoelectric  element  length  is  1.0-2.0  mm.  The  optimum 
thermoelectric  element  length  calculated  in  this  simulation  is 
approximately  1.2  mm,  which  shows  that  common  commercial 
thermoelectric  module  size  basically  meets  the  slag  flushing  water 
power  generation  requirements  without  customization  of  special 
size  thermoelectric  modules.  Efficiency  increases  with  the  in¬ 
creases  of  thermoelectric  element  length  and  slag  flushing  water 
temperature.  The  efficiency  corresponding  to  the  maximum  power 
is  1.6— 1.8%. 

Figs.  6  and  7  show  the  effects  of  convective  heat  transfer  coef¬ 
ficient  h  on  power  and  efficiency  versus  thermoelectric  length. 
6  —  0.5,  B  =  0.1  m,  H  =  6  mm,  If  =  10  m  and  ti  =  100  °C  are  fixed  in 
the  calculation.  It  can  be  seen  that  the  maximum  power  and  effi¬ 
ciency  increase  when  the  convective  heat  transfer  coefficient  in¬ 
creases.  The  optimal  length  of  the  thermoelectric  element 
corresponding  to  the  maximum  power  decreases.  This  shows  that 
the  enhancement  of  heat  transfer  between  water  and  heat  ex¬ 
changers  can  effectively  improve  the  power  and  efficiency.  In  fact, 
this  is  because  the  external  thermal  resistance  and  the  heat  loss  is 
reduced,  which  increase  the  temperature  difference  between  the 


L  (mm) 


Fig.  5.  Efficiency  versus  thermoelectric  length  at  different  slag  washing  water  inlet 
temperature. 
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L  (mm) 

Fig.  6.  Effect  of  convective  heat  transfer  coefficient  on  power  versus  thermoelectric 
element  length. 


junctions  of  the  thermoelectric  elements.  When  the  external 
thermal  resistance  tends  to  zero,  the  temperature  difference  be¬ 
tween  the  hot  and  cold  junctions  tends  to  the  temperature  differ¬ 
ence  between  the  slag  flushing  water  and  the  cooling  water,  and 
then  the  power  and  efficiency  tend  to  the  maximum  accordingly. 
For  plate-fin  heat  exchanger,  the  water-water  convective  heat 
transfer  coefficient  is  3000-5000  W  m-2  K_1,  so  the  corresponding 
power  and  efficiency  are  0.8  kW  and  1.8%  approximately, 
respectively. 

3.2.  Effect  of  thermoelectric  module  packing  factor 

Figs.  8  and  9  show  the  effects  of  module  packing  factor  6  on 
power  and  efficiency  versus  thermoelectric  length. 
h  =  3000  W  m-2  K“\  B  =  0.1  m,  H  =  6  mm,  Lf  =  10  m  and  ti  =  100  °C 
are  fixed  in  the  calculation.  It  can  be  seen  that  the  optimal  ther¬ 
moelectric  element  length  increases  with  the  increase  of  packing 
factor.  The  power  reaches  the  maximum  when  the  thermoelectric 
element  length  matches  the  packing  factor.  Increasing  the  packing 
factor  does  not  significantly  enhance  the  performance,  because  not 
only  the  maximum  power  changed  little,  but  also  the  efficiency 


L  (mm) 

Fig.  7.  Effect  of  convective  heat  transfer  coefficient  on  efficiency  versus  thermoelectric 
element  length. 


L(mrn) 

Fig.  8.  Effect  of  packing  factor  on  power  versus  thermoelectric  element  length. 

decreases.  Therefore,  thermoelectric  modules  do  not  require  a 
dense  arrangement  of  thermoelectric  elements,  because  it  will  not 
only  increase  the  cost  of  equipment,  but  also  reduces  the  temper¬ 
ature  difference  between  the  surfaces  of  the  thermoelectric  mod¬ 
ule,  thereby  reduces  the  efficiency  of  the  device. 

Figs.  10  and  11  show  the  effects  of  slag  washing  water  inlet 
temperature  t\  on  power  and  efficiency  versus  module  packing 
factor,  h  —  3000  W  m-2  K_1,  B  =  0.1  m,  H  =  6  mm,  and  L  =  2  mm  are 
fixed  in  the  calculation.  It  can  be  seen  that  for  given  slag  flushing 
water  temperature  and  cooling  water  temperature,  when  the 
packing  factor  increases,  the  power  first  increases  and  then  de¬ 
creases,  but  there  was  little  change.  Due  to  the  constant  cross- 
sectional  area  of  the  thermoelectric  elements,  on  the  one  hand, 
increase  the  packing  factor  will  increase  the  number  of  the  ther¬ 
moelectric  element,  which  improves  the  total  power;  on  the  other 
hand,  the  total  thermal  resistance  and  then  the  temperature  dif¬ 
ference  of  the  thermoelectric  module  are  reduced,  which  decreases 
the  power  generated  from  a  single  thermoelectric  element.  When 
the  effects  of  both  are  balanced,  power  reaches  the  maximum. 
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Fig.  10.  Effect  of  flushing  slag  water  temperature  on  power  versus  packing  factor. 

The  flow  channel  size  is  kept  constant  in  the  above  analyses  and 
the  total  heat  transfer  area  is  Ah  =  B  x  If  =  1  m2.  Therefore,  the 
power  is  also  the  power-per-area. 

3.3.  Effect  of  fluid  channel  length 

Figs.  12  and  13  show  the  power  and  efficiency  versus  fluid 
channel  length.  6  =  0.5,  h  =  3000  W  m”2  K1,  B  =  0.1  m,  H  =  6  mm 
and  L  =  2  mm  are  fixed  in  the  calculation.  The  figures  show  that  the 
power  increases  with  flow  path  length  non-linearly  and  the  growth 
rate  decreases.  Efficiency  decreases  with  the  length  of  the  flow  path 
non-linearly.  The  reason  of  nonlinearity  is  that  the  slag  flushing 
water  temperature  reduced  gradually  which  leading  to  the 
decrease  of  thermoelectric  modules  temperature  difference. 

Fig.  14  shows  slag  flushing  water  temperature  ti,  cooling  water 
temperature  t2,  the  hot  junction  temperature  th  and  cold  junction 
temperature  tc  versus  fluid  channel  length.  Fig.  15  shows  the 
power-per-area  p  versus  fluid  channel  length.  6  =  0.5, 
h  =  3000  W  m-2  K-1,  B  =  0.1  m,  H  =  6  mm,  L  =  2  mm  and 
tio  =  100  °C  are  fixed  in  the  calculation.  It  can  be  seen  that  the 


6 


Fig.  11.  Effect  of  flushing  slag  water  temperature  on  efficiency  versus  packing  factor. 


L  f(  in) 

Fig.  12.  Power  versus  flow  passage  length. 

temperature  change  is  non-linear  which  is  different  from  the  result 
obtained  by  Yu  and  Zhao  [14].  The  reason  for  this  may  be  the  flow 
channel  length  in  their  calculation  is  too  short  to  see  the  non-linear 
characteristics.  The  second  reason  may  be  this  model  takes  into 
account  the  heat  leakage  through  the  air  gap  which  affects  the 
temperature  distribution.  The  numerical  results  show  that  slag 
flashing  water  temperature  drops  about  1.5  °C  per  meter  of  the  flow 
channel.  When  the  flow  channel  length  reaches  20  m,  the  ther¬ 
moelectric  module  temperature  difference  is  less  than  10  °C  at  the 
outlet. 

The  lower  slag  flashing  water  outlet  temperature  means  the 
more  fully  utilized  of  waste  heat.  However,  from  the  economic 
point  of  consideration,  the  length  of  the  flow  channel  should  not  be 
too  long;  otherwise  the  module  average  temperature  difference  is 
too  small  which  leading  to  the  too  low  overall  efficiency  of  the 
device.  The  total  power  requirements  of  the  device  can  be  achieved 
in  two  ways.  One  option  is  to  increase  the  number  of  heat 
exchanger  channels.  Each  fluid  channel  constitutes  a  basic  unit  so 
they  can  be  easily  combined.  Another  option  is  to  increase  the 
width  of  the  heat  exchanger  channel.  The  calculations  show  that 
the  total  power  output  is  proportional  to  the  channel  width  and  the 
number  of  channels. 


Lf(  m) 

Fig.  13.  Efficiency  versus  flow  passage  length. 
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i/(m)  Runtime  (year) 

Fig.  14.  Temperatures  versus  flow  passage  length.  Fig.  16  Cost  per  kwh  versus  mn  time 


3.4.  Economic  analysis 

Parameters  of  commercial  thermoelectric  module  are  adopted 
to  analyze  the  economy  of  slag  flushing  water  driven  thermoelec¬ 
tric  power  generation  technology.  In  general,  the  cost  of  a  ther¬ 
moelectric  power  generator  essentially  consists  of  the  device  cost 
and  the  operating  cost.  Considering  the  high  reliability  of  ther¬ 
moelectric  device,  the  operation  and  maintenance  cost  is  not  much 
in  the  entire  operation  cycle  [24].  For  large-scale  thermoelectric 
power  generation  equipment,  the  major  cost  of  the  total  device  is 
consumed  by  thermoelectric  modules  (the  greater  total  power 
output,  the  smaller  proportion  of  costs  of  accessory  equipment) 
[25].  On  the  other  hand,  depreciation,  repair  and  accessory  equip¬ 
ments  such  as  piping  are  not  suitable  for  calculation  by  cost-per- 
watt,  so  they  are  not  included  into  the  total  cost  in  this  analysis. 
Nonetheless,  the  payback  period  estimations  are  still  credible. 

The  generation  module  specifications  are  as  follows: 
Am  =  40  x  40  mm2,  A  =  1.2  x  1.2  mm2, 1  =  2  mm  and  N  =  127.  The 
packing  factor  can  be  calculated  as  6  =  0.4.  The  convective  heat 
transfer  coefficient  is  set  as  h  =  3000  W  m-2  K-1.  It  can  be  calcu¬ 
lated  that  0.93  kW  electric  power  can  be  generated  per  square 


Lf(  m) 

Fig.  15.  Power-per-area  versus  flow  passage  length. 


meter.  Fig.  16  shows  the  cost  per  kWh  versus  operation  time  of  the 
power  generation  device.  The  curves  1,  2  and  3  represent  ther¬ 
moelectric  module  prices  of  40  yuan,  30  yuan,  and  20  yuan, 
respectively.  Curve  I  represents  market  industrial  electricity  price 
of  0.6  yuan/(kWh)  in  China.  The  figure  shows  that  the  cost  per  kWh 
decreases  gradually  with  the  device  operating  time.  When  the 
average  cost  is  lower  than  the  market  electricity  price,  the  device 
begins  to  profit.  The  device  payback  periods  corresponding  to 
different  thermoelectric  module  prices  are  approximately  11  years, 
8  years  and  6  years,  respectively.  With  the  declining  price  of  ther¬ 
moelectric  materials  and  advances  in  modules  manufacturing 
technology,  the  payback  period  is  expected  to  be  further  reduced. 

4.  Discussions 

The  temperature  of  slag  from  blast  furnace,  converter,  and 
electric  furnace  is  as  high  as  1500  °C,  which  is  at  a  high  energy  level. 
Even  the  thermal  efficiency  of  water  quenching  method  is  near  60%, 
but  the  energy  level  difference  of  the  process  is  up  to  0.72  and 
exergy  efficiency  is  only  12%.  In  other  words,  the  available  energy 
loses  seriously  in  the  water  quenching  process.  Therefore,  the 
fundamental  way  to  improve  slag  sensible  heat  recovery  efficiency 
is  to  reduce  the  energy  level  difference  of  the  recycling  process. 


Fig.  17.  The  experimental  thermoelectric  power  generation  device  driven  by  hot  water. 
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The  slag  flushing  water  temperature  does  not  exceed  100  °C  at 
atmospheric  pressure.  If  some  organic  solvent  is  added  to  the  water 
which  can  increase  the  boiling  point,  the  slag  flushing  water  tem¬ 
perature  can  be  improved.  For  example,  adding  a  certain  percent¬ 
age  of  ethylene  glycol  can  raise  the  boiling  point  of  water  to  more 
than  150  °C,  which  can  further  improve  the  efficiency  of  power 
generation  and  reduce  the  cost  recovery  period.  The  calculations 
show  that  the  power  per  square  meter  and  efficiency  can  be 
increased  to  2.4  kW/m2  and  3.1%,  respectively.  The  payback  period 
can  be  reduced  to  3—5  years.  Of  course,  the  cost  of  ethylene  glycol, 
volatilization  losses  and  the  influence  on  the  flashing  effect  should 
be  considered  in  application. 

Double  working  fluid  power  generation  (low  boiling  point 
organic  matter  such  as  ethyl  chloride  acting  working  fluid)  and 
thermoelectric  power  generation  are  the  two  main  mature  low- 
temperature  power  generation  technologies  below  100  °C.  When 
the  slag  flushing  water  temperature  is  100  °C,  the  efficiency  of 
double  working  fluid  power  generation  is  2-3%  which  is  almost 
equal  to  the  efficiency  of  thermoelectric  power  generation.  The 
double  working  fluid  power  generation  system  is  complex  while 
thermoelectric  power  generation  technology  with  modular  fea¬ 
tures  is  easy  to  small-scale  test  operation  and  the  maintenance 
costs  is  low.  With  the  development  of  manufacturing  technology  of 
thermoelectric  materials  and  modules,  thermoelectric  power  gen¬ 
eration  technology  is  expected  to  be  more  advantageous. 

A  demonstration  experimental  device  has  been  built,  as  shown 
in  Fig.  17.  The  device  consists  of  four  power  generation  modules 
with  dimensions  of  40  x  40  x  4  mm3.  Flot  water  and  cooling  water 
inlet  temperatures  are  90.0  °C  and  20.8  °C,  respectively.  The 
measured  open-circuit  voltage  is  9.92  V,  the  short-circuit  current  is 
821  mA,  and  the  maximum  power  is  2.04  W.  Furthermore  one  will 
improve  this  device  mainly  to  add  assembly  for  temperature  and 
electrical  signals  in  real  time  acquisition.  It  is  expected  to  get  more 
detailed  experimental  data  and  technical  methods. 

5.  Conclusion 

This  study  proposed  a  technical  solution  recycling  blast  furnace 
slag  flashing  water  sensible  heat  based  on  thermoelectric  power 
generation.  Effects  of  some  key  parameters  on  the  device  perfor¬ 
mance  are  analyzed.  The  main  conclusions  are  as  follows: 

(1)  There  is  an  optimal  thermoelectric  element  length  corre¬ 
sponding  to  the  maximum  power.  Commercial  thermoelec¬ 
tric  module  size  meets  the  requirement  for  slag  flushing 
water  driven  thermoelectric  power  generation. 

(2)  Enhancing  the  heat  transfer  between  water  and  heat 
exchanger  can  effectively  improve  the  power  and  efficiency 
of  the  device.  For  plate-fin  heat  exchanger,  the  power  per 
square  meter  and  efficiency  are  about  0.8  kW  and  1.8%, 
respectively. 

(3)  When  the  thermoelectric  element  length  matching  the 
packing  factor,  the  power  reaches  the  maximum.  Increasing 
the  packing  factor  does  not  significantly  improve  the  per¬ 
formance.  The  optimal  packing  factor  is  about  0.7. 

(4)  The  too  long  flow  path  length  leads  to  a  low  overall  efficiency 
of  the  device.  Improving  the  total  power  of  the  device  can  be 
achieved  by  increasing  the  number  of  heat  exchanger  chan¬ 
nels  and  increasing  the  channel  width. 

(5)  For  blast  furnace  slag  flushing  water  at  100  °C,  water  tem¬ 
perature  drops  1.5  °C  per  meter,  about  0.93  kW  electrical 


energy  can  be  produced  per  square  meter  area,  and  conver¬ 
sion  efficiency  of  2%  can  be  achieved.  The  cost  recovery 
period  of  the  equipment  is  about  8  years. 
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